Background-Vitamin D deficiency is common in HIV-infected individuals. In adults, traditional and HIV-related factors play a role in vitamin D status, and deficiency appears to impair immune restoration and exacerbate HIV complications, like cardiovascular disease (CVD). This study sought to determine factors contributing to vitamin D status in HIV-infected youth and investigate the relationship with CVD risk, inflammation, and immune restoration.
Introduction
Vitamin D deficiency is widespread among HIV-infected adults and children [1] [2] [3] . This population is at a higher risk than the general population for complications like osteoporosis, non-AIDS-defining malignancies, and cardiovascular disease (CVD)-all diseases associated with vitamin D deficiency in the general population [4] [5] [6] [7] . We and others have shown that low vitamin D status is independently associated with higher carotid intima-media thickness (IMT), a surrogate marker for subclinical CVD, in HIV-infected adults [2, 8] .
Vitamin D plays a critical role in innate and acquired immunity [9, 10] , and can inhibit HIV replication by upregulation of the antimicrobial peptide, cathelicidin [11] . Moreover, data suggest that hypovitaminosis D hastens HIV disease progression [12, 13] , but higher plasma 25-hydroxyvitamin D (25(OH)D) concentrations contribute to a more favorable immune restoration after antiretroviral therapy (ART) [2] . Therefore, identifying risk factors for vitamin D deficiency and investigating the association with HIV-related complications is critical, particularly in HIV-infected youth, where opportunity exists to optimize health earlier in life.
In HIV-infected adults, multiple factors contribute to vitamin D status including non-HIVrelated factors like season, smoking, race, ethnicity, physical inactivity, body mass index (BMI), female sex, hypertension, and sun exposure [14, 15] . However, HIV-related variables also play a role, especially use of the non-nucleoside reverse transcriptase inhibitor (NNRTI), efavirenz (EFV) [15, 16] . For example, HIV treatment may affect vitamin D metabolism as EFV induces CYP24, an enzyme that breaks down the major circulating form of vitamin D, 25(OH)D [16, 17] . Indeed, EFV initiation is associated with a 70-80% increase in the risk of severe vitamin D deficiency, compared to non-EFV regimens [16] . Likewise, some protease inhibitors (PIs) are associated with increased plasma 25(OH)D concentrations [15] .
Few studies have investigated risk factors for vitamin D deficiency in HIV-infected youth [3, 18] . In one study, risk factors included older age, African/Caribbean ethnicity, winter season, and NNRTI therapy. Those subjects on NNRTIs had twice the risk compared to those on PIs [18] . The other study showed that vitamin D status was influenced by older age, female sex, winter/spring season, higher BMI, and black race [3] . Poorer immune status was associated with vitamin D deficiency, but vitamin D status was not associated with any HIV variable, including HIV-1 RNA, ART, PI, stavudine, or tenofovir use. Neither study specifically evaluated EFV or included a matched control group. And, importantly, no pediatric HIV study has investigated the association of vitamin D status with immune restoration, inflammation, or with biomarkers known to be increased in CVD, despite evidence that this younger population is at an increased risk like their adult counterparts [19] .
Thus, the primary objectives of this study were to 1) determine vitamin D status and prevalence of vitamin D deficiency in HIV-infected youth; 2) identify traditional and HIVrelated risk factors for deficiency; 3) evaluate the relationship between vitamin D status and inflammation and cardiovascular biomarkers; and, 4) investigate the association between vitamin D status and immune restoration.
Methods

Study Design/Population
Individuals ages 1-25 years with documented HIV-1 infection who obtained their medical care at the Ponce Youth HIV Clinic of the Grady Health System in Atlanta, GA, USA were eligible for this prospective, cross-sectional study. Patients with acute illnesses were eligible after complete resolution of symptoms for ≥1 month, while those with active inflammatory conditions or medication use known to affect inflammation were not eligible. Eligible HIVinfected patients at the youth clinic were recruited over a 10-month period of time while they were there for their regular clinic visits. Over 95% of approached patients consented to study participation.
Healthy controls were chosen from a convenience sample which included relatives of the hospital staff, relatives of HIV-infected patients, and HIV-negative patients seen at the clinic Controls were recruited with advertisement flyers hung in the HIV clinic and by word of mouth and selected so that the overall group matched the HIV-infected subjects in age, sex, and race. Controls were eligible if they self-reported to be free of chronic disease and had no recent or current infection. Potential subjects ≥13 years of age were screened for HIV infection before enrollment with OraQuick Advance Rapid HIV Test (OraSure Technologies, Inc, Bethlehem, PA, USA). Controls <13 years of age were assumed HIVuninfected unless they were considered at high-risk for having or contracting HIV. Exclusion criteria for controls were the same as for the infected group.
The study was reviewed and approved by the Institutional Review Boards of Emory University and Grady Health Systems. All parents or legal guardians and subjects ≥18 years of age gave written informed consent to participate in the study. Subjects aged 17 years of age signed the written consent along with their parent or legal guardian. Subjects between the ages of 6-10 years gave verbal assent and those 11-16 years gave written assent.
Clinical Assessments
Study evaluations included physical examination, blood pressure, height, weight, and waist circumference (with standardized measurements based on procedure recommendations from the Metabolic Study Group of the AIDS Clinical Trials Group). All HIV-infected subjects and controls (or guardians) completed questionnaires in order to obtain relevant demographic and medical information. Subject-reported alcohol intake and drug use, smoking habits, family history of CVD, sun exposure, physical activity level, and Fitzpatrick skin type were recorded. Fitzpatrick skin type delineates the amount of skin pigmentation from white skin (always burns and never tans) to naturally pigmented black skin [20] . Vitamin D intake was evaluated with age-appropriate Block food-frequency questionnaires, which evaluate food frequency habits (including supplement use) over the past year, and are well-validated measures of average daily nutrition intake [21] [22] [23] . In addition, an extensive chart review was conducted for the HIV+ subjects, including known duration of HIV infection, detailed ART history, past and current medical diagnoses, current medications, and nadir CD4 count.
Laboratory Assessments
Subjects fasted for ≥8 hours prior to blood sampling. Plasma was extracted and stored at −80° C until analysis without prior thawing.
Plasma concentrations of 25(OH)D were measured as the best measure of vitamin D status [24] . All samples were analyzed in the same co-investigator's laboratory (VT) at Emory University by experienced personnel (SS, RG). Concentrations of 25(OH)D were assessed using specific ELISA kits (IDS, LTD, Fountain Hills, AZ, USA) as per the manufacturer's product manual and tested in duplicate. Median intra-assay and inter-assay coefficients of variation (CV) were <12%. Quality control was ensured by participation in the vitamin D external quality assessment scheme (DEQAS, site 606). Laboratory personnel were blinded to clinical information. We adopted the current Institute of Medicine's (IOM) and Endocrine Society's guidelines defining vitamin D deficiency as plasma 25(OH)D concentration <20 ng/mL [25, 26] , vitamin D insufficiency as plasma 25(OH)D concentration ≥20-29 ng/mL, and optimal vitamin D status as plasma 25(OH)D concentration >29 ng/mL. Severe deficiency was arbitrarily defined as <10 ng/mL, as this cut-off is not universally defined.
We selected biomarkers known to be associated with heightened CVD risk and to be elevated in HIV-infected patients [27] [28] [29] [30] . Plasma levels of the proinflammatory cytokines, soluble tumor necrosis factor-α receptors I, II (sTNFR-I, -II) and interleukin-6 (IL-6) were measured using Luminex® System, a multiplexed bead-based assay [31] (IL-6: Millipore, Billerica, MA, USA; sTNFR-I, II: Invitrogen, Carlsbad, CA, USA), and high sensitivity Creactive protein (hsCRP) was measured by ELISA (Cayman Chemical, Ann Arbor, MI, USA). Endothelial activation markers soluble intercellular adhesion molecule-1 (sICAM-1) and soluble vascular cell adhesion molecule-1 (sVCAM-1) were measured using Luminex (Millipore, Billerica, MA, USA). Biomarkers were measured in the same co-investigator's (AF) laboratory at Emory University by experienced personnel (GH). Protocols were per manufacturers' product manuals. Median intra-assay and inter-assay CV were all <10%.
Lipoprotein profiles, glucose, and insulin were measured. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using the formula: HOMA-IR = (fasting insulin (μU/ml) × fasting glucose (mg/dL)/405 [32] .
CD4 counts and HIV-1 RNA were measured as markers of HIV disease.
Statistical Methods
Sample size was based on 80% statistical power to detect a difference of 10% vs. 25% in severe vitamin D deficiency (<10 ng/mL) in HIV-infected subjects with hsCRP levels above the median compared to those below the median. Two hundred HIV-infected subjects were necessary assuming a 10%-15% prevalence of severe vitamin D deficiency. High-sensitivity CRP was chosen as the main biomarker of interest as it has been associated with vitamin D status in the general population [33] , and has the most compelling evidence linking it with CVD risk, including in the HIV-infected population [7] . Comparison to controls was not powered and considered a secondary objective.
Demographics, clinical characteristics, and laboratory parameters are described by HIV status. Continuous measures are described by means/standard deviations or medians/ interquartile range, and nominal variables are described with frequencies/percentages. Descriptive statistics were used to make group comparisons and to compare 25(OH)D status with variables of interest in a univariate manner (Kruskall-Wallis for medians, chi-squared for categorical variables and t-test for means).
To investigate the relationship of plasma 25(OH)D with potential variables, we examined variables of interest in three ways. First, we examined variables of interest in a univariate fashion with Spearman's rank correlation coefficients (R). We then examined 25(OH)D as a continuous variable in multivariable linear regression and transformed where variables did not meet normality assumptions. Next, multivariable logistic regression was performed to determine predictors of vitamin D deficiency (25(OH)D <20 ng/mL). Analyses were also repeated with sub-populations within the HIV-infected group, including only subjects with CD4 count <25%, then those with HIV-1 RNA levels > or ≤80 copies/mL, then those with age > or ≤15 years old. Finally, to investigate the association between 25(OH)D and immune restoration, we selected subjects who had an HIV-1 RNA level <80 copies/mL and had initiated ART ≥1 year from the time of enrollment.
Variables that were evaluated included 1) clinical assessments and demographics (age, sex, smoking, BMI, season, vitamin D intake, physical activity, Fitzpatrick skin type, race, sun exposure, systolic blood pressure, BMI, and waist circumference), 2) laboratory measurements (each biomarker, lipoprotein profile components, HOMA-IR), and 3) HIVrelated variables (time from HIV diagnosis, current CD4 count, current CD4 %, CD4 nadir, ΔCD4 (current -nadir), cumulative EFV use, current EFV use, cumulative NNRTI, current NNRTI, cumulative NRTI use, total ART use, currently on ART yes/no, ART-naïve yes/no, U.S. Centers for Disease Control and Prevention (CDC) HIV clinical category, and HIV-1 RNA). P values <0.05 were considered significant, except for regression models. Here, given the number of variables evaluated, a more strict value of P<0.01 was set for significance. All analyses were carried out using SAS, v.9.2 (The SAS Institute, Cary, NC, USA). Tables 1 and 2 show demographics, clinical, and laboratory characteristics for both groups. Age, race, sex, and BMI were similar between groups. Median (range) ages among the HIVinfected group and controls were 18.3 (1.3-23.8) and 17.5 (5.4-25.6) years, respectively (P=0.23). High-density lipoprotein (HDL)-cholesterol was lower in the HIV-infected group; whereas, triglycerides were higher. Soluble TNFR-I, sTNFR-II, sVCAM-1, and sICAM-1 were higher in the HIV-infected, but hsCRP and IL-6 were similar between groups. More controls reported lower sun exposure (P=0.03). More HIV+ subjects had blood draws during summer (P<0.001).
Results
Study Population
Vitamin D Status in HIV-infected Subjects and Controls
Unadjusted 25(OH)D means were similar between groups ( Figure 1 ). After adjusting for age, Fitzpatrick skin type (or race), gender, season, sun exposure, physical activity, and BMI, the results were similar. Means for both groups were in the deficient range (25(OH)D <20 ng/mL). The majority of subjects (77% HIV-infected; 76% controls) had frank vitamin D deficiency, including 14% and 4%, respectively, in the severely deficient range (<10 ng/ mL) ( Figure 2 ). Only 4% of the HIV-infected group and 2% of the controls had optimal concentrations (25(OH)D ≥30 ng/mL). After adjusting for the above variables, there was no difference in the number of subjects from each group who had vitamin D deficiency (odds ratio (OR) 1.10; 95% confidence interval (CI) 0.39,3.15; P=0.97). Both groups had very low dietary vitamin D intake relative to current recommendations [26] .
Traditional and HIV-Related Factors Associated with Vitamin D Status
Potential traditional and HIV-related factors associated with vitamin D status were considered in a univariate relationship as described in the methods. A significant correlation was seen between plasma 25(OH)D and Fitzpatrick skin type (P=0.003). All other tested variables were P>0.10, regardless of the sub-population tested.
Potential factors associated with vitamin D status were considered in a multivariable linear regression model with groups combined. Variables included were age, race, sex, season, sun exposure, vitamin D intake, physical activity, BMI, and study group. Race was the only variable significantly associated with vitamin D status (P=0.006). When race was replaced with Fitzpatrick skin type, an even stronger association was observed (P<0.001). Figure 3 shows the significant relationship between adjusted mean 25(OH)D and Fitzpatrick skin type.
Multivariable linear regression was then performed with each group separately, and results were similar. In the HIV-infected group, the following HIV variables were added one by one into the model: current CD4 and CD4 %, nadir CD4, cumulative/current EFV use, cumulative/current NNRTI, known HIV duration, total ART duration, and HIV-1 RNA level. None of these variables were significant; yet, Fitzpatrick skin type remained significant (P=0.003). The model was further limited to include only subjects with CD4 count <25%, then those with HIV-1 RNA levels > or ≤80 copies/mL, then those with age > or ≤15 years old; the results did not change for any of these.
Next, a multivariable logistic regression was performed using 25(OH)D as a dichotomous variable, < vs. ≥20 ng/mL, to investigate associations with vitamin D deficiency, using Fitzpatrick skin type in place of race given the results of the multivariable linear regression. 15 ). HIV variables considered in the multivariable linear regression were also considered in this model for the HIV-infected group; none were significant.
Relationship Between Vitamin D Status and Inflammation and Metabolic Markers
Cardiovascular risk factors, including BMI, HOMA-IR, waist circumference, LDLcholesterol, HDL-cholesterol, systolic blood pressure, smoking, and each biomarker were considered in a univariate fashion for each group separately. In the HIV-infected group, only sVCAM-1 was positively correlated with 25(OH)D (R=0.20, P=0.004). In controls, HOMA-IR was negatively correlated with 25(OH)D (R=−0.36, P=0.02).
Each of these variables was added one by one to a multivariable linear regression model which included traditional factors known to affect vitamin D (age, Fitzpatrick skin type, sex, season of blood draw, and vitamin D intake). No variable was significantly associated with vitamin D in either group.
Relationship Between Vitamin D Status and Immune Restoration
In subjects who had been on ART for ≥1 year from enrollment with an HIV-1 RNA level <80 copies/mL (N=84), there was not a significant relationship between 25(OH)D and ΔCD4. Also, within this sub-population, there were no other variables that were significant with 25(OH)D in univariate analysis or multivariable regression analyses.
Discussion
The purpose of our study was to determine vitamin D status and the prevalence of vitamin D deficiency in HIV-infected youth, identify traditional and HIV-related risk factors for deficiency, and investigate the relationships among vitamin D status, markers known to be increased in CVD, CVD risk factors, and immune restoration. We found a very high prevalence of vitamin D deficiency in both the HIV-infected and control groups, similar to other studies [18, 34] . In fact, the 25(OH)D mean was very low, well below current recommendations [26] . The only factor that was independently associated with vitamin D status and vitamin D deficiency for both groups was Fitzpatrick skin type. Vitamin D status was not independently associated with other traditional risk factors, CVD risk factors, inflammation markers, endothelial activation markers, or immune restoration.
HIV-infected youth are expected to live well into adulthood due to combination ART; however, HIV-infected adults are developing complications at rates higher than the general population, including osteoporosis, non-AIDS-defining malignancies, and subclinical CVD [6, 7, 35] . Notably, many of the emerging complications represent disease processes where vitamin D is known to play an important role. For example, vitamin D deficiency is associated with CVD development in the general population [36, 37] , and strikingly, is associated with a 2-fold risk of an initial cardiovascular event in previously healthy asymptomatic individuals [4] . Proposed mechanisms of vitamin D's direct role in CVD include effects on proinflammatory cytokines [38] and the vasculature [39, 40] , and inhibition of the renin-angiotensin-II aldosterone system [41] . Vitamin D is also critical in many processes, such as exercise capacity, triglyceride levels, obesity, blood pressure, and diabetes [42] [43] [44] , which may have indirect effects on CVD risk.
We have shown a relationship between vitamin D status and CVD in ART-stable, HIVinfected adults, where an independent association was observed between vitamin D status and carotid IMT [2] . In fact, subjects with common carotid artery IMT levels above the median were 10-fold more likely to have the lowest 25(OH)D concentrations. Vitamin D status was also associated with the inflammatory and endothelial activation markers, sTNFR-1 and sICAM-1, both shown to be associated with CVD and atherosclerosis development in the general population [29, 30] . In this current HIV-infected youth study, we did not observe an association between vitamin D and CVD risk factors. Similarly, the only biomarker which showed a relationship with vitamin D in the HIV-infected group was sVCAM-1, which was only significant in a univariate fashion. This may be due to the fact that the 25(OH)D concentration was low in most subjects, precluding an adequate separation of vitamin D concentrations to accurately measure differences among dependent variables, or HIV-infected youth may have a lower CVD risk burden than adults.
Alternatively, most general adult studies have evaluated mainly white subjects (a 2010 systematic review of 43,527 participants showed 89% were white [45] ); whereas, 95% of our subjects were black. Thus, it is possible that the 25(OH)D concentration that has been suggested for optimal CVD health is not relevant in the black population, or vitamin D deficiency does not have the same effect on CVD risk. However, several small studies in the general black population, evaluating both adults and adolescents, suggest that blacks are in fact similar to whites with regard to vitamin D status and vascular health. When subjects' 25(OH)D concentrations were increased with oral supplementation, both studies showed an improvement in endothelial function (black adults) and arterial stiffness (black adolescents) [46, 47] . Thus, supplementation trials are urgently needed in the HIV-infected population in order to define optimal dosing regimens for vitamin D repletion and to further evaluate the association between vitamin D status and CVD risk, especially in youth where optimizing vitamin D concentrations at an earlier age may impact later HIV-related chronic disorders associated with inadequate vitamin D nutriture in non-HIV populations.
In ART-treated adults, we have also shown an independent association between vitamin D status and immune reconstitution, where subjects with higher plasma 25(OH)D concentrations exhibited a more robust increase in CD4 count after starting ART [2] . In this HIV-infected youth study, it was not significant. Likewise, we did not demonstrate a correlation between vitamin D status and current CD4 counts, despite vitamin D's known role in immunity. This could be due to our low overall mean 25(OH)D concentration, or the study could be underpowered. Studies have shown that low vitamin D hastens HIV disease progression [12, 13] ; however, studies have been conflicting on the relationship between vitamin D concentrations and CD4 counts. While one study found a positive relationship between vitamin D dietary intake and CD4 counts [48] , two others reported that 6-12 months of vitamin D supplementation in HIV-infected children did not change CD4 counts [49, 50] . Notably, these two studies were small, supplementation doses were low, and baseline 25(OH)D were higher than in this current study. Alternatively, low vitamin D status may be a marker of poor health over a longer period of time as compared to vitamin D status in children. Thus, further studies are needed to fully evaluate vitamin D status and immune restoration in HIV-infected youth.
The low 25(OH)D in our study may be a reason for the lack of an association between vitamin D status and HIV-related factors, such as EFV use. In HIV-infected adults, EFV and PIs have been shown to affect vitamin D metabolism [15] [16] [17] . Our study is the first that has specifically evaluated EFV in HIV-infected children, but did not show an association. Again, vitamin D supplementation trials are necessary to adequately evaluate whether specific antiretrovirals interfere with 25(OH)D metabolism in this population. In our randomized-controlled trial of 4,000 IU vitamin D 3 daily versus placebo for 12 weeks in 45 HIV-infected adults on stable ART with baseline 25(OH)D ≤20 ng/mL, participants in the vitamin D arm who were on EFV had no increase in 25(OH)D (P=0.383), while those who received vitamin D and were not on EFV had a significant increase (P=0.005) [17] . It is likely that we would find similar results in HIV-infected youth, which may have serious long-term implications since most will experience a lifetime of ART. Establishing adequate repletion strategies specifically for this population, and perhaps based on their ART regimen, may maximize immune function and minimize long-term complications.
One important finding in our study was the strong association between vitamin D status and Fitzpatrick skin type, which had a stronger association than race, even among black subjects. No published study investigating vitamin D status in HIV has evaluated skin pigmentation in lieu of race. It has long been known that blacks have a higher prevalence of vitamin D deficiency due to increased skin pigmentation which decreases the production of vitamin D 3 in the skin [51] . However, this study suggests that skin pigmentation may be a better method of identifying people who are the most at risk. This may be particularly important in the HIV-infected population, as identifying and treating vitamin D deficiency may minimize HIV-related complications.
There are limitations to this study, including a cross-sectional design which cannot prove causality. However, these results can inform the design of longitudinal and interventional studies to further define these relationships. Likewise, there was a relatively small control group, and our subject population had considerable heterogeneity, as we evaluated a wideage range, as well as a combination of behaviorally-and perinatally-infected subjects. Age was not significant in the multivariable regression analyses; therefore, it is reasonable to compare vitamin D status among these subjects. In addition, there was no difference in the number of behaviorally-and perinatally-infected subjects who had a CDC surveillance definition of AIDS (data not shown). Most of the detectable differences between the two groups [e.g. 80% of perinatal group currently on ART versus 50% in behavioral group; perinatal current CD4 count (CD4%) = 566 cells/mm 3 (28%) versus 371 cells/mm 3 (23%); both P<0.001] were included in the regression analyses and were not significant. Finally, physical activity, sun exposure, and food intake data were subject-reported, which may not be accurate.
Nevertheless, the important point is the high prevalence of vitamin D deficiency in the HIVinfected group. With a 77% and 96% prevalence of vitamin D deficiency and insufficiency, respectively, nearly all HIV-infected youth are affected by this condition. In a population that is already at an increased risk of CVD and other HIV-related complications known to be associated with vitamin D, the findings of this study suggest that vitamin D deficiency is a modifiable risk that deserves further attention.
To our knowledge, this is the first study to comprehensively investigate traditional and HIVrelated risk factors for vitamin D deficiency in HIV-infected youth, and to explore the relationship between vitamin D status, CVD risk, inflammation markers, endothelial adhesion markers, and immune restoration. These results are novel, and offer insight into vitamin D deficiency in this understudied population. Importantly, these results suggest that vitamin D supplementation trials are needed to adequately evaluate the clinical significance of vitamin D deficiency and to determine if there are positive consequences to optimizing 25(OH)D concentrations. Studying these elements in HIV-infected youth is an innovative approach to identifying efficacious prevention strategies which may help preclude treatment of established disease and decelerate HIV disease progression. Mean 25-hydroxyvitamin D concentrations are shown by study group, unadjusted and adjusted for age, Fitzpatrick skin scale score, gender, season, sun exposure, physical activity, and body mass index. There were no significant differences between groups. Error bars represent standard deviation. The percentages of subjects with different categories of 25(OH)D concentration are depicted by study group. The proportion of subjects with vitamin D deficiency (25(OH)D <20 ng/ mL) was no different between groups (odds ratio 1.10, 95% confidence interval 0.39, 3.15, P=0.97). <10 ng/mL = severe vitamin D deficiency; 10-19.9 ng/mL = vitamin D deficiency; 20-29 ng/mL = vitamin D insufficiency; >29 ng/mL = optimal vitamin D. 25(OH)D), 25hydroxyvitamin D. Mean 25-hydroxyvitamin D (25(OH)D) concentrations are shown based on Fitzpatrick skin type for all subjects and separately for black subjects. This figure indicates that Fitzpatrick skin type is associated with 25(OH)D concentration for all races, although driven mainly by the black subjects. Fitzpatrick skin types 4 and 5 have the lowest concentrations of 25(OH)D, all of whom were black. The association between 25(OH)D and Fitzpatrick skin type remained significant for the whole cohort and when limited to black race (P<0.001), even after adjusting for age, race, sex, season, sun exposure, physical activity, body mass index, and study group. Error bars represent standard error. Fitzpatrick skin type 1: N=2 (0% black); type 2: N=6 (0% black); type 3: N=34 (92% black); type 4: N=85 (100% black); type 5: N=72 (100% black). 
